Stimulant drugs such as amphetamine are readily selfadministered by humans and laboratory animals by virtue of their actions on dopamine (DA) neurons of the midbrain. Repeated exposure to this drug systemically or exclusively in the cell body region of these neurons in the ventral tegmental area (VTA) leads to long-lasting changes in dopaminergic function that can be assessed by increased locomotor activity and enhanced DA overflow in the nucleus accumbens (NAcc) after re-exposure to the drug. Three experiments were conducted to evaluate the possibility that this enduring sensitized reactivity underlies compulsive drug self-administration. In all experiments, rats were pre-exposed to amphetamine and, starting 10 d later, their intravenous self-administration of the drug was assessed. In the first experiment, rats previously exposed to amphetamine systemically or exclusively in the VTA subsequently worked harder than untreated animals to obtain the drug when the work required to obtain successive infusions was increased progressively. In the second experiment, this progressively increasing workload was found to decrease the magnitude of amphetamine-induced DA overflow observed with successive infusions until responding ceased. Rats previously exposed to amphetamine were more resistant to this decline and more apt to maintain responding. Finally, in experiment three, a noncontingent priming injection of the drug produced a greater NAcc DA response and a greater parallel increase in lever pressing in drug compared with saline preexposed rats. Together, these results demonstrate a direct relation between drug-induced sensitization of midbrain dopamine neuron reactivity and the excessive pursuit and selfadministration of an abused substance.
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Psychomotor stimulants such as amphetamine share with a number of abused drugs the ability to increase extracellular levels of dopamine (DA) in the nucleus accumbens (NAcc), the major subcortical terminal field of midbrain DA neurons originating in the ventral tegmental area (VTA). In rodents, this action is associated with increased locomotion and exploration and with the capacity of these drugs to support self-administration (Wise and Bozarth, 1987; Koob, 1992) .
Repeated exposure to amphetamine (Kalivas and Stewart, 1991) , as well as to nonpharmacological stressors (Piazza and Le Moal, 1996) , leads to a long-term enhancement (weeks to months in the rat) in the ability of this drug to increase locomotion and to elevate extracellular levels of DA in the NAcc. Amphetamine is known to act in the region of the A10 DA cell bodies in the VTA, and not in DA terminal regions such as the NAcc or the prefrontal cortex, to initiate the development of these effects (Kalivas and Weber, 1988; Hooks et al., 1992; Perugini and Vezina, 1994; Cador et al., 1995; Vezina, 1996) . These findings together with the considerable evidence linking the mesoaccumbens DA system not only to the locomotion produced but also to the selfadministration supported by psychomotor stimulant drugs (Wise and Bozarth, 1987) has, in the past decade, directed attention to the possibility that previous exposure to these drugs may potentially affect individuals' subsequent predisposition to pursue drug taking. Several reports have supported this possibility. In a manner paralleling sensitization of the locomotor and NAcc DA responses to amphetamine and cocaine, previous exposure to these drugs has been shown to enhance the acquisition and expression of conditioned place preferences (Lett, 1989; Shippenberg and Heidbreder, 1995) and to produce a long-lasting enhancement in animals' predisposition to pursue and selfadminister them (Piazza et al., 1989 (Piazza et al., , 1990 Horger et al., 1990 Horger et al., , 1992 Valadez and Schenk, 1994; Pierre and Vezina, 1997; Mendrek et al., 1998; Lorrain et al., 2000) . However, although these findings are consistent with the view that sensitization of midbrain DA neuron reactivity underlies compulsively maintained drug self-administration (Robinson and Berridge, 1993) , direct evidence for this idea continues to be lacking. Using a procedure that requires rats to press a lever a progressively increasing number of times to obtain successive infusions of the drug (Lorrain et al., 2000) , three experiments assessed the impact of this sensitization on drug-taking behavior. It was first determined whether previous exposure to amphetamine in the VTA, the site where this drug is known to act to produce locomotor and NAcc DA sensitization, also enhances the self-administration of the drug (Experiment 1). In vivo microdialysis was then used to determine whether the differential responding for drug observed in rats previously exposed to systemic amphetamine or saline parallels these animals' differential NAcc DA response to the drug, whether actively (Experiment 2) or passively (Experiment 3) administered. The results obtained indicate a direct relation between drug-induced sensitization of midbrain DA neuron reactivity and the excessive pursuit and self-administration of the drug.
MATERIALS AND METHODS Subjects
Male L ong-Evans rats (Harlan Sprague Dawley, Madison, W I), weighing 250 -300 gm on arrival, were used. They were housed individually in a 12 hr light /dark reverse cycle room with food and water available ad libitum. Animals were allowed to acclimate to these conditions for 3-4 d before the start of any procedures. All testing was conducted during the dark period of the light cycle. Rats were fitted with an intravenous catheter in the right external jugular vein. Some rats were also implanted bilaterally with guide cannulas aimed at the V TA [anteroposterior (AP) Ϫ5.6, mediolateral (ML) Ϯ0.6, dorsoventral (DV) Ϫ8.9] or the NAcc (AP ϩ2.4, ML Ϯ1.5, DV Ϫ7.5 mm from skull and bregma). C annulas were angled at 16°(V TA) or 10°(NAcc) to the vertical and positioned 1 mm above the final injection site. Obturators were inserted into the guide cannulas after surgery. Rats used in the microdialysis experiments were fitted with an intravenous catheter and implanted unilaterally with a guide cannula aimed at the NAcc (DV Ϫ6.5 to Ϫ8.5 from skull; Paxinos and Watson, 1986) . This cannula was angled at 10°to the vertical and positioned 5 mm above the ventralmost aspect of the NAcc. All intracranial implants were made before and intravenous catheters fitted after the pre-exposure injections (see Design and procedure). Rats were given a 7-10 d recovery period after the intracranial implants. All surgical procedures were conducted under sterile conditions with the animal under deep anesthesia (ketamine, 100 mg / kg, i.p.; xylazine, 6 mg / kg, i.p.) as previously described in reports from this laboratory (intravenous catheters, Pierre and Vezina, 1997; intracranial implants, Perugini and Vezina, 1994; microdialysis implants, Jolly and Vezina, 1996, Vezina, 1996) and, together with all remaining experimental procedures, according to an approved Institutional Animal C are and Use Committee protocol.
Design and procedure
All experiments consisted of a drug pre-exposure phase and, starting 10 d later, testing for amphetamine self-administration. Intravenous catheters were fitted at least 5-7 d before the beginning of self-administration testing. E xperiment 1. Rats in different groups were pre-exposed to amphetamine or saline either into the V TA, the NAcc, or intraperitoneally, as described below. Unless stated otherwise, the concentration of amphetamine used throughout the subsequent intravenous self-administration phase was 200 g / kg per inf usion. To establish a dose -effect curve, rats in separate groups were pre-exposed to amphetamine intraperitoneally and subsequently tested with one of five self-administered doses of amphetamine (50, 70, 100, 200, or 300 g / kg /inf usion) under the progressive ratio (PR) schedule. Rats tested with 50 -100 g / kg per inf usion under the PR schedule first self-administered 100 g / kg per inf usion under the fixed ratio (FR) schedules. Rats tested with 200 -300 g/kg per inf usion under the PR schedule first self-administered 200 g/kg per inf usion under the FR schedules.
E xperiment 2. Rats were pre-exposed to intraperitoneal amphetamine or saline and tested for their self-administration of 200 g/kg per inf usion of amphetamine as outlined below. Microdialysis was used to estimate extracellular levels of DA in the NAcc in animals selfadministering amphetamine on days 4 to 5 of PR testing. To confirm the amphetamine dependence of the self-administration and NAcc DA responses observed during testing, separate rats in a first control group (no drug control group) were treated as those above but, on the microdialysis test day, received no inf usions after depression of the lever. Additional rats in a second control group (FR control group) were tested to permit the assessment of the specific impact of the increasing workload imposed by the PR schedule of reinforcement on the ability of amphetamine to maintain self-administration and NAcc DA responding to successive inf usions of the drug. These control animals received no pre-exposure injections and were trained to emit a constant amount of work (five presses: FR5) to receive successive amphetamine inf usions. They were tested daily on the FR5 schedule until microdialysis testing after 3-4 d of self-administration on this schedule. Microdialysis probes were lowered into the NAcc on the day before microdialysis testing, and rats were kept in dialysis chambers for the next 18 -20 hr. After the collection of four baseline samples, rats were moved to the self-administration chambers, and an additional three baseline samples were collected before the levers were inserted, and more samples were collected. Rats tested under the PR schedule were tested for an additional 240 min, the no drug control rats for an additional 100 min, and the FR control rats for an additional 180 min. Dialysate samples were collected every 5 min.
E xperiment 3. As in E xperiment 2, rats were pre-exposed to intraperitoneal amphetamine or saline and tested for their self-administration of 200 g / kg per inf usion of amphetamine as outlined below. In this case, however, microdialysis was used on days 4 to 5 of PR testing to estimate extracellular levels of DA in the NAcc before and after a single noncontingent priming injection of amphetamine (1.0 mg / kg, i.p.). The priming injection was made as the levers were introduced into the chambers. Subsequent pressing on the levers had no intravenous consequences. Rats were tested for 180 min after the priming injection. Dialysate samples were collected every 20 min.
Pre-exposure injections
Pre-exposure injections (intraperitoneal: 5 ϫ 1.5 mg / kg amphetamine or 1.0 ml / kg saline; intracranial: 4 ϫ 2.5 g /0.5 l per side of amphetamine or 0.5 l /side of saline) were administered by the experimenter, one injection given every third day (Perugini and Vezina, 1994; Vezina, 1996) . During this phase, some rats in experiment 1 were placed in activity monitoring boxes immediately after the first and last injection, and their locomotor activity was measured for 2 hr. In all remaining cases, animals were transported to an experimental room, administered their respective injections, and returned to their home cages. Intracranial microinjections were made in the freely moving rat. Injection cannulas connected to 1 l Hamilton syringes via PE-20 tubing were inserted to a depth of 1 mm below the guide cannula tips. Injections were made in a volume of 0.5 l /side during a 30 sec period. The injection cannulas were removed, and the obturators were replaced 60 sec later. All doses refer to the weight of the salt of S(ϩ)-amphetamine sulfate (Sigma, St. L ouis, MO).
Locomotor activity
A bank of 12 activity boxes was used to measure locomotion in some rats during the pre-exposure phase in experiment 1. Each box (22 ϫ 43 ϫ 33 cm) was constructed of opaque plastic (rear and two side walls), a Plexiglas front-hinged door, and a tubular stainless steel ceiling and floor. T wo photocells, positioned 3.5 cm above the floor and spaced evenly along the longitudinal axis of each box, estimated locomotion. T wo additional photocells, positioned on the side walls 16.5 cm above the floor and 5 cm from the front and back walls, estimated rearing. Separate interruptions of photocell beams were detected and recorded via an electrical interface by a computer situated in an adjacent room using locally developed software. The activity chambers were kept in a room illuminated dimly with red light.
Self-administration
T welve test chambers were used for amphetamine self-administration testing. Each chamber measured 22 ϫ 22 ϫ 33 cm, was constructed of the same materials described above, and was enclosed in a plastic box that shielded animals from extraneous disturbances. White noise was supplied in each box by a ventilating fan. A single retractable response lever (5 cm above the floor) and a stimulus light (13.5 cm above the lever) were positioned on the left side wall. Each chamber was equipped with a liquid swivel to allow free movement of the animal in the chamber and delivery of drug after depression of the lever. Each animal was connected to the swivel via a steel-spring tether attached to the animal by screwing its captive collar onto the threaded portion of a custom designed L -shaped Plastics One (Roanoke, VA) cannula (20 gauge) secured to the animal's skull. Inf usions were delivered by Razel inf usion pumps (model A.E.; Razel Scientific Inc.). Lever presses and drug inf usions were recorded and controlled via an electrical interface by a computer using locally developed software.
Starting 10 d after the drug pre-exposure phase, rats were required to self-administer 10 inf usions of amphetamine intravenously in a 4 hr session on first an FR1 and then an FR2 schedule of reinforcement. Sessions lasted either until rats self-administered the 10 inf usions or until the 4 hr had elapsed. Animals satisf ying each criterion within 5 d were then tested on a PR schedule of reinforcement in each of five or six daily 4 hr sessions. Number of responses required to obtain successive inf usions under the PR schedule was determined by ROUN D(5 ⅐ EX P-(0.25 ⅐ inf usion number) Ϫ 5) to produce the following sequence of required lever presses: 1, 3, 6, 9, 12, 17, 24, 32, 42, 56, 73, 95, 124, 161, 208, etc. The PR sessions lasted 4 hr or until 1 hr elapsed without a drug inf usion. The final ratio attained with a PR schedule has been defined as the subject's break point (Richardson and Roberts, 1996; L orrain et al., 2000) .
Rats in one of the control groups in experiment 2 (FR control group) received no pre-exposure injections and were trained to emit five lever presses (FR5) to receive successive amphetamine inf usions. Before testing on the FR5 schedule of reinforcement, they were required to self-administer 10 inf usions of amphetamine intravenously in a 4 hr session on first an FR1, an FR2, and then an FR3 schedule of reinforcement. All of these animals satisfied each criterion within 5 d.
Of the 231 animals tested, 11 (seven amphetamine and four saline pre-exposed) failed to satisf y the FR criteria and were excluded. After completion of the experiment, the remaining rats were administered a lethal dose of Nembutal via their jugular catheter. Animals that did not lose muscle tone within 5-10 sec and expire promptly were ruled to have nonpatent catheters and were excluded (11: again, seven amphetamine and four saline pre-exposed).
In vivo microdialysis and chromatography
Eight chambers (38 ϫ 32 ϫ 34 cm) constructed of the same materials described above and enclosed in a plastic box were used to house animals after microdialysis probe insertion and before moving them to the self-administration chambers. Animals were connected via a steel-spring tether to a liquid swivel and collection vial positioned outside the plastic shell. Concentric microdialysis probes were constructed in the laboratory and perf used with a modified Ringer's dialysate at 1.5 l /min (Jolly and Vezina, 1996; Vezina, 1996) .
In self-administering rats, samples were collected at 5 min intervals and frozen for later assessment of DA by an HPLC system using electrochemical detection (EC) and consisting of a 300 m inner diameter (i.d.) 15 cm column packed with 3 m C -18 BDS particles, an Antec micro electrochemical detector (using a 22 nl volume microflow cell with a glassy carbon working electrode maintaining an applied potential of ϩ0.7 V relative to the Ag-AgCl reference electrode), and a 0.09 M sodium acetate mobile phase containing 35 mM citric acid (Hull et al., 1995) . In rats tested after a single priming injection, samples were collected at 20 min intervals and processed immediately with an HPLC-EC system consisting of a 4.6 mm i.d. 10 cm column packed with 3 m C-18 ODS particles, a Coulochem detector (conditioning cell oxidizing at ϩ300 mV; analytical cell electrodes set to Ϫ50 and Ϫ350 mV), and a 0.04 M sodium acetate mobile phase (Jolly and Vezina, 1996; Vezina, 1996) .
Histology
After verification of catheter patency and expiration of the animals, the brains of those rats that had been fitted with intracranial implants to permit drug microinjection or microdialysis were then removed and stored in 30% sucrose -formalin solution. Forty micrometer coronal sections were mounted on gelatin-coated slides and stained with cresyl violet for verification of cannula tip and microdialysis probe placements. Nine rats were pre-exposed to saline injections in sites outside the V TA. As was found with rats pre-exposed to amphetamine in sites outside the V TA (Fig. 1C) , these animals also failed to distinguish themselves from V TA saline pre-exposed rats during self-administration testing.
Data analyses
The pre-exposure locomotor data in experiment 1 were analyzed with between-within ANOVA with drug (two levels: amphetamine and saline) as the between factor and days (two levels: first and last injection day) as the within factor. The self-administration data collected in the different experiments were analyzed either with t tests for independent samples (days to criterion under the FR schedules, number of inf usions obtained averaged over six PR test days and duration of responding and number of inf usions obtained or earned in a single PR test session in saline vs amphetamine pre-exposed rats), one-way between ANOVA (number of inf usions obtained averaged over six PR test days) with pre-exposure condition as the between factor (three V TA pre-exposure levels) as well as two-way between ANOVA (number of inf usions obtained averaged over five PR test days) with pre-exposure (two levels: amphetamine and saline) and self-administered dose of amphetamine (five levels) as the between factors in the dose -response experiment. The NAcc DA data collected in experiments 2 and 3 were analyzed either with t tests for independent samples (peak levels attained in saline vs amphetamine pre-exposed rats) as well as one-way within ANOVA (DA levels at and after a single amphetamine inf usion) with time (three levels) as the within factor. Post hoc Scheffé comparisons were made according to K irk (1968) . For all self-administration data obtained with the PR schedule, the actual data analyzed were the number of inf usions obtained or earned rather than the number of presses emitted or the final ratios obtained because the latter were derived, by definition, from an exponential f unction (Richardson and Roberts, 1996) . RESULTS Experiment 1. Rats previously exposed to amphetamine intraperitoneally or into the VTA, but not into the NAcc, will subsequently work more to obtain the drug As expected, when compared with saline after the first and last pre-exposure injection, amphetamine consistently produced substantial and statistically significant increases in horizontal locomotion and rearing when administered intraperitoneally (F (1,17) ϭ 37.3 and 10.7; p Ͻ 0.001 and 0.005, respectively) and into the NAcc (F (1,17) ϭ 15.8 and 17.8; p Ͻ 0.001), but not when administered into the VTA (F (1,17) ϭ 0.0004 and 0.27; NS). No significant effects of day or group ϫ day interactions were detected. Although substantial increases in locomotion are observed acutely when amphetamine is administered systemically or into the NAcc, large increases in locomotion from the first to the last day of pre-exposure are rarely observed with these injections in such designs. With systemically administered amphetamine, this most likely reflects the progressive recruitment of competing stereotypic behaviors that also show sensitization (Stewart and Vezina, 1987; Crombag et al., 1999) . In such cases, as in those where amphetamine is administered into the VTA and does not increase locomotion acutely (present findings; Kalivas and Weber, 1988; Perugini and Vezina, 1994) , evidence that sensitization has developed is reliably obtained by subsequently challenging animals either with lower systemic doses of the drug or by administering it via a different route. The results of such tests have consistently shown that rats previously exposed to amphetamine intraperitoneally or in the VTA, but not the NAcc, show enhanced locomotor responding to a subsequent challenge injection of the drug when compared with animals previously exposed to saline (see introductory remarks). Similarly, in the present experiments, enhanced responding resulting from these amphetamine relative to saline pre-exposure injections was subsequently assessed by testing rats for their intravenous self-administration of the drug.
Interestingly, when initially required to self-administer up to 10 infusions per session of a high dose of the drug (200 g/kg per infusion) on first an FR1 and then an FR2 schedule, amphetamine and saline pre-exposed rats were indistinguishable and readily acquired the lever press response. In three separate experiments (one each with intraperitoneal, VTA, or NAcc preexposure), amphetamine pre-exposed rats acquired responding in 3.0 Ϯ 0.4, 2.4 Ϯ 0.2, and 2.8 Ϯ 0.3 sessions and saline pre-exposed rats in 3.3 Ϯ 0.5, 3.0 Ϯ 0.5, and 3.5 Ϯ 0.6. t tests comparing saline and amphetamine pre-exposed animals in each experiment revealed p values Ͼ 0.05. In contrast, when animals were then required to lever press more and more to obtain each successive infusion under a PR schedule of reinforcement, those previously exposed to amphetamine intraperitoneally pressed threefold to fivefold more often, and as a result obtained more infusions of the drug (t 17 ϭ 2.2; p Ͻ 0.025) and did so over several days of testing (Fig. 1 A) . This enhancement was observed over a range of selfadministered drug doses. It can be seen in Figure 1 B that under the PR schedule, higher doses of the self-administered drug supported more work. In rats pre-exposed to amphetamine, this effect was magnified within the limits afforded by the PR schedule used and the amount of drug the animals could endure ( p values Ͻ 0.05-0.025 as revealed by post hoc tests after ANOVA). Concentrations in excess of 300 g/kg per infusion produced erratic behavior and, as a result, did not support higher break points (data not shown); at these concentrations, all animals ceased to respond early in the session and, in most cases, exhibited signs of motor impairment and intense stereotypy. The ANOVA conducted on the data obtained with the 50 -300 g/kg Figure 1 . Rats previously exposed to amphetamine intraperitoneally or into the VTA, but not into the NAcc, will subsequently work more to obtain the drug. In all cases, data are shown as mean (Ϯ SEM) number of infusions obtained. The number of presses required to obtain the successive infusions is also shown. A, Rats pre-exposed to amphetamine or saline intraperitoneally were tested for their self-administration of the 200 g/kg per infusion dose of the drug under a PR schedule. Bar graphs were derived from means of the values obtained for each subject on each of the six PR test days. These are shown to the right as group means. *p Ͻ 0.05 as revealed by t test. n ϭ 8 -11 per group. B, Rats pre-exposed to amphetamine or saline intraperitoneally were tested for their self-administration of one of five doses of the drug. Bars were derived from means of the values obtained for each subject on each of five PR test days. *p values Ͻ 0.05-0.025 versus saline pre-exposed rats, as revealed by post hoc tests following ANOVA. n ϭ 5-12 per group. C, Rats pre-exposed to VTA amphetamine, VTA saline, or amphetamine in sites adjacent to the VTA were tested as in A. Injection cannula tip placements in the mesencephalon of rats in the different groups are shown at the far right. Overlaid line drawings (all adapted from Paxinos and Watson, 1986 ) each depict the caudal surface of a coronal section extending Ϫ5.2 to Ϫ6.0 mm from bregma. *p Ͻ 0.01 versus saline pre-exposed rats as revealed by post hoc tests after ANOVA. n ϭ 9 -11 per group. D, Rats pre-exposed to NAcc amphetamine or saline were tested as in A. Injection cannula tip placements are illustrated as in C. Overlaid line drawings each depict the caudal surface of a coronal section extending ϩ2.2 to ϩ3.0 mm from bregma. n ϭ 9 -10 per group.
per infusion concentrations revealed significant effects of dose (F (4,64) ϭ 8.6; p Ͻ 0.001) and pre-exposure (F (1,64) ϭ 10.3; p Ͻ 0.002). Remarkably, similar effects were observed in those rats previously exposed to amphetamine in the VTA (Fig. 1C) ( p Ͻ 0.01 as revealed by post hoc tests after ANOVA showing a significant effect of pre-exposure, F (2,27) ϭ 6.0; p Ͻ 0.007), but not in those exposed to amphetamine in the NAcc (in spite of the fact such injections elicit dramatic increases in locomotion acutely; see above) or in sites surrounding the VTA (Fig. 1C,D) . Experiment 2. Under conditions of progressively increasing workload, rats previously exposed to amphetamine maintain drug-induced increases in NAcc DA and responding for drug for a longer period of time than saline pre-exposed rats To assess the relation between the enhancement in drug selfadministration observed above and the enhanced NAcc DA overflow (Kalivas and Stewart, 1991; Vezina, 1996) that is also observed in animals previously exposed to amphetamine, rats in additional groups were prepared with intravenous catheters and unilaterally implanted guide cannulas aimed at the NAcc to permit in vivo microdialysis testing. After intraperitoneal preexposure injections of either amphetamine or saline and amphetamine self-administration training, extracellular levels of DA in the NAcc were estimated in self-administering rats on day 4 -5 of testing on the PR schedule. The behavior of the animals during these sessions was characterized by an initial loading period in which rats in both groups similarly and rapidly self-administered the drug (Fig. 2 A) . This led to a precipitous rise in DA levels that peaked within 30 min (1.6 Ϯ 0.4 in amphetamine and 1.0 Ϯ 0.3 pg/l in saline pre-exposed rats; p Ͼ 0.05). After this period, DA levels remained 4-to 6.7-fold higher than levels observed before the animals began self-administering the drug and only returned to baseline after responding ceased (Fig. 2 B, arrows  1, 3) . Again, rats previously exposed to amphetamine emitted more lever presses, continued to respond significantly longer (almost 2 hr; t 17 ϭ 3.4; p Ͻ 0.0025) and obtained significantly more inf usions (more than twofold; t 17 ϭ 2.9; p Ͻ 0.005) than saline pre-exposed rats. This difference can be accounted for by the fact that, in amphetamine pre-exposed rats, the individual amphetamine inf usions continued to elicit a significant increase in NAcc DA (up to 78% increase in overflow) for a longer period of time during which the work required to obtain Figure 2 . Rats previously exposed to amphetamine maintain responding and a significant drug-induced increase in NAcc DA for a longer period of time when self-administering the drug under a PR schedule requiring progressively increasing work to obtain successive infusions. A, Cumulative record of infusions obtained on the fourth to the fifth day of PR testing. Amphetamine pre-exposed rats obtained significantly more infusions than saline pre-exposed rats (dashed lines: 9.5 Ϯ 1.6 vs 4.4 Ϯ 0.9; p Ͻ 0.005). B, Baseline. C, Rats transferred to self-administration chamber. L, Lever inserted into chamber. B, Extracellular concentrations of DA in the NAcc before and during amphetamine self-administration during PR testing for rats described above. Data are shown as mean picograms per microliter (Ϯ SEM) plotted over time. Dialysate samples were collected 4 every 5 min. Numbered arrows indicate the group mean time of 1, the last infusion (4.4 Ϯ 0.9) obtained by saline pre-exposed rats, and the infusion marking when amphetamine pre-exposed rats had obtained 50% (4.5 Ϯ 0.9) of the infusions they would obtain in the session, 2, the infusion marking when amphetamine pre-exposed rats had obtained 75% (7.5 Ϯ 1.2) of their infusions, and 3, the last infusion (9.5 Ϯ 1.6) obtained by amphetamine pre-exposed rats. Amphetamine pre-exposed rats continued to respond significantly longer than saline pre-exposed rats ( p Ͻ 0.005). C, DA concentrations at (0 min) and after (5 and 10 min) the infusion obtained at times 1, 2, and 3 in B. Data are plotted as a percentage of levels observed at the time of the individual infusion. Amphetamine, compared with saline, pre-exposed rats resisted the decline in the ability of the drug infusions to maintain a NAcc DA response. Numbers in parentheses indicate the increasing group mean number of lever presses required to obtain the respective infusions. *p values Ͻ 0.01-0.001 versus levels at the time of infusion as revealed by post hoc tests after ANOVA. D, Line drawings of coronal sections showing the location of the active portion of the microdialysis probes in the NAcc (solid lines, amphetamine pre-exposed; dashed lines, saline pre-exposed). Numbers indicate millimeters from bregma. n ϭ 8 -11 per group. successive inf usions increased progressively (Fig. 2C) . Interestingly, the magnitude of the drug-induced DA overflow observed decreased as the amount of work required to obtain each injection increased. Amphetamine pre-exposed animals were resistant to this decline seen very early in the session in saline pre-exposed animals. In both groups, however, when the amphetamine inf usion was no longer accompanied by a significant increase in DA, responding ceased. It is noteworthy that at the time (39.5 Ϯ 8.7 min) of the last inf usion (4.4 Ϯ 0.9) in saline pre-exposed rats, amphetamine pre-exposed animals had only obtained ϳ50% (4.5 Ϯ 0.9) of the total number of inf usions (9.5 Ϯ 1.6) they would self-administer in the session and, unlike the saline pre-exposed rats, continued to show a robust increase in NAcc DA overflow ( p Ͻ 0.01) after the inf usion of amphetamine (Fig. 2 B, arrow 1, C, plot 1) (F (2,12) ϭ 7.9; p Ͻ 0.007; one rat was omitted from this analysis because it self-administered an additional inf usion during the 10 min post-inf usion period analyzed and, as a result, showed inflated DA values). This significant increase in NAcc DA overflow continued to be in evidence, although less marked, after these animals had obtained 75% (7.5 Ϯ 1.2) of their inf usions ( p values Ͻ 0.01-0.001) (Fig. 2 B, arrow 2, C, plot 2) (F (2,14) ϭ 13.9; p Ͻ 0.001). NAcc DA overflow was not significantly increased after the last self-administered inf usion in either group (saline pre-exposed; Fig. 2C, plot 1; F (2,20) ϭ 0.06, NS; amphetamine pre-exposed; Fig. 2C , plot 3; F (2,14) ϭ 0.2, NS).
These findings are in marked contrast to what was observed in control rats for which the work required to obtain infusions was kept constant (Fig. 3) (five presses for each infusion). These animals showed lever press responding that was relatively steady throughout the microdialysis test session (Fig. 3A) . After the initial rise, DA levels remained 4.3-to 6.6-fold higher than baseline levels throughout the session (Fig. 3B) . These animals continued to press, and significant increases in NAcc DA ( p values Ͻ 0.05-0.01) were observed in response to the individual amphetamine infusions through to the last infusion of the session (as also reported by others; Ranaldi et al., 1999) . The session was terminated by the experimenter at 180 min. The ANOVA conducted on these data revealed significant increases in NAcc DA overflow after the individual infusions marking when these animals had obtained 50% (Fig. 3C , plot 1) (F (2,10) ϭ 4.8; p Ͻ 0.05), 75% (Fig.  3C , plot 2) (F (2,10) ϭ 11.9; p Ͻ 0.002) and 100% (last infusion) (Fig. 3C, plot 3 ) (F (2,10) ϭ 4.4; p Ͻ 0.05) of the infusions they self-administered in the session. As shown in Figure 3 , A and B, rats in the no drug control group that received no infusions after depression of the lever showed little pressing and no effect on NAcc DA. Figure 3 . Rats for which the work required to obtain infusions is kept constant continue to press and show significant drug-induced increases in NAcc DA through to the last infusion of the session. Data are illustrated as in Figure 2 but for the FR and no drug control groups. FR control rats were trained to emit a constant amount of work (5 presses; FR5) to receive successive amphetamine infusions, were tested for 3 hr, and obtained 8.5 Ϯ 0.5 infusions. Numbered arrows in B indicate the group mean time of the infusion marking when these animals obtained 1, 50% 4 (4.2 Ϯ 0.2), 2, 75% (6.3 Ϯ 0.3), and 3, 100% (last infusion, 8.5 Ϯ 0.5) of their infusions. Numbers in parentheses in C indicate the constant number of lever presses required to obtain the infusions self-administered at times 1, 2, and 3 in B. These animals maintained a significant increase in NAcc DA through to the last infusion of the session. *p values Ͻ 0.05-0.01 versus levels at the time of infusion as revealed by post hoc tests after ANOVA. No drug was delivered to no drug controls. These animals were tested for 100 min and showed little pressing and no effect on NAcc DA. Active portions of microdialysis probes are shown in D (solid lines, FR control; dashed lines, no drug control). n ϭ 5-6 per group. Experiment 3. Rats previously exposed to amphetamine show enhanced NAcc DA overflow and lever pressing in response to a single priming injection of the drug In experiments studying sensitization of amphetamine-induced locomotion and NAcc DA overflow, animals previously exposed to the drug or to saline are typically challenged at some later time with a noncontingent injection of the drug, and its effects are assessed. In self-administration paradigms, noncontingent injections have also been shown to reinstate drug-taking behaviors (Stewart et al., 1984; Shaham et al., 2000; Stewart, 2000) . Given that these injections produce enhanced locomotor and NAcc DA effects in amphetamine pre-exposed animals, their effects on the generation of drug-taking behaviors was assessed. Rats in additional groups were trained as above, but on the microdialysis test day were given a single injection of the drug by the experimenter at the beginning of the session. As a result of this single noncontingent priming injection (Fig. 4, arrows) , all animals showed increases in extracellular levels of DA in the NAcc that were accompanied in time by increased lever pressing, although presses were without consequence in this experiment. Rats previously exposed to amphetamine, however, showed higher levels of NAcc DA in response to the injection (t 14 ϭ 3.2; p Ͻ 0.005) and made more presses on the lever (t 14 ϭ 1.8; p Ͻ 0.05) than saline pre-exposed rats. The postinjection difference observed between groups in NAcc DA was also found to be significant when these data were expressed as changes from baseline levels observed before (t 14 ϭ 2.5; p Ͻ 0.025) or after (t 14 ϭ 2.06, p Ͻ 0.05) rats were transferred to the self-administration chambers. No significant differences between groups were observed in NAcc DA at either of these times before the priming injection.
DISCUSSION
In the present experiments, it was found that, in a manner similar to what has been observed with locomotion and NAcc DA overflow, rats previously exposed to amphetamine either intraperitoneally or in the VTA, but not in the NAcc, subsequently exhibited enhanced responding for the drug. These rats worked more than untreated animals to obtain the drug when the work required to obtain successive infusions was increased progressively. This progressively increasing workload was found to decrease the magnitude of amphetamine-induced DA overflow observed in the NAcc with successive infusions. When amphetamine no longer increased NAcc DA overflow, responding ceased. Rats previously exposed to amphetamine were more resistant to this decline and maintained responding for the drug for a longer period of time than saline pre-exposed animals. Finally, a noncontingent priming injection of amphetamine produced a greater NAcc DA response and a greater parallel increase in lever pressing in drug compared with saline pre-exposed rats. Together, these results demonstrate a direct relation between drug-induced sensitization of midbrain DA neuron reactivity and the excessive pursuit and self-administration of amphetamine.
The present results confirm previous reports of the effects of intraperitoneal amphetamine pre-exposure on self-administration of the drug using a PR schedule of reinforcement (Mendrek et al., 1998; Lorrain et al., 2000) , establish that the same effects are produced by VTA, but not NAcc, amphetamine pre-exposure (experiment 1), and demonstrate that the enhanced drug selfadministration produced is tightly coupled to an enhancement in mesoaccumbens DA neuron reactivity (experiments 2 and 3). Importantly, manipulations known to block the induction of locomotor and NAcc DA sensitization by amphetamine, such as administering a D 1 DA receptor antagonist before each drug preexposure injection (Bjijou et al., 1996; Vezina, 1996) , have also been shown to block the enhancement in drug self-administration normally observed after systemic drug pre-exposure (Pierre and Vezina, 1998) . Collectively, these findings strongly suggest that facilitation of amphetamine self-administration is a manifestation of sensitization to amphetamine that is mediated by the same neuronal mechanisms that underlie enhanced locomotion and dopamine overflow in response to the drug (Pierre and Vezina, 1998; Deroche et al., 1999) . These neuronal mechanisms, initiated by antecedent pharmacological (Kalivas and Stewart, 1991) as well as Figure 4 . Rats previously exposed to amphetamine show enhanced NAcc DA overflow and lever pressing in response to a single priming injection of the drug. Top, Extracellular concentrations of DA in the NAcc before and after a single noncontingent priming injection of amphetamine (1.0 mg/kg, i.p.) on the fourth to the fifth day of PR testing. Data are shown as mean picograms per microliter (Ϯ SEM). The priming injection was made as the levers were introduced into the chambers (arrow). Each scheduled completion had no intravenous consequences. Inset shows data as mean (ϩSEM) maximal NAcc DA overflow induced by amphetamine. *p Ͻ 0.005 as revealed by t test. Bottom, Nonreinforced lever presses (mean Ϯ SEM) after the priming injection (arrow) in the rats described above. Inset shows the mean (ϩSEM) number of infusions earned (not obtained) with the corresponding number of presses required. *p Ͻ 0.05 as revealed by t test. B, Baseline. C, Rats transferred to self-administration chamber. L, Lever inserted into chamber. Line drawings of coronal sections to the side show the location of the active portion of the microdialysis probes in the NAcc. Numbers indicate millimeters from bregma. Solid lines, Amphetamine pre-exposed; dashed lines, saline pre-exposed. n ϭ 8 per group. nonpharmacological events (Piazza and Le Moal, 1996) , may thus underlie the propensity of individuals to engage in drug-taking behavior as well as their liability for relapse, even after prolonged abstinence (De Vries et al., 1998; Tran-Nguyen et al., 1998; Grimm et al., 2001) .
Just as amphetamine acts in the VTA, but not in the NAcc, to bring about sensitization of its effects on locomotor activity and DA release in the NAcc (Kalivas and Weber, 1988; Kalivas and Stewart, 1991; Hooks et al., 1992; Perugini and Vezina, 1994; Cador et al., 1995; Vezina, 1996) , it appears able by its actions in this site to induce enduring changes that subsequently promote its pursuit and self-administration. These changes appear to be linked not to the act of drug taking, per se, because saline pre-exposed control rats will self-administer drug when little work is required and sufficiently high doses are available, as found with the FR1 and FR2 schedules in experiment 1 and as reported previously (Mendrek et al., 1998; Vezina et al., 1999; Lorrain et al., 2000) . Rather they appear to be linked to enhanced motivation to engage in drug-taking behaviors that becomes particularly evident as the effort required to obtain the drug increases (Mendrek et al., 1998; Vezina et al., 1999; Lorrain et al., 2000; this study) or when low drug doses are accessible with little work (e.g., FR1 schedule; Piazza et al., 1989 Piazza et al., , 1990 Horger et al., 1990 Horger et al., , 1992 Valadez and Schenk, 1994; Vezina, 1997, 1998; Vezina et al., 1999) . The resulting increase in drug taking may thus constitute a troubling behavioral expression of sensitization of the incentive motivational properties of the drug, a phenomenon that may be closely linked to drug craving and abuse in humans (Stewart et al., 1984; Robinson and Berridge, 1993; Deroche et al., 1999) .
Enhanced mesoaccumbens DA neuron reactivity was manifested in the present experiments as a greater NAcc DA response to a noncontingent infusion of amphetamine and, when animals self-administered the drug, as an ability of these neurons to more readily maintain a NAcc DA response to amphetamine under conditions of progressively increasing workload. Although the precise mechanisms underlying these manifestations of enhanced neuronal reactivity remain elusive, there are several intercellular and intracellular pathways in place that could easily mediate these effects. For example, blockade of L-or N-type calcium channels and the inhibition of calcium-calmodulin-dependent kinase II has been shown to prevent the enhanced drug-induced DA release normally observed in the NAcc and striatum of stimulant sensitized rats (Pierce and Kalivas, 1997; Kantor et al., 1999) . The release of DA by amphetamine has also been shown to require the activation of protein kinase C (Browman et al., 1998; Kantor and Gnegy, 1998) . Various afferent inputs to the VTA and the NAcc using different neurotransmitters are well positioned to modulate the enhanced release of DA by stimulant drugs in sensitized animals by means of their actions on such intracellular pathways. These might include the voltage gating of calcium entry into DA neuron terminals by GABAergic and opioid afferent inputs (Morgan and Dewey, 1998; Gray et al., 1999) or actions at receptors with access to these and other kinases as with group I metabotropic glutamate receptors and protein kinase C (Pin and Duvoisin, 1995) . It is likely, therefore, that the accrual of adaptations involving second messenger pathways in the mesoaccumbens DA neurons of amphetamine pre-exposed animals underlies, at least in part, the greater NAcc DA response observed in these sensitized animals after a noncontingent infusion of the drug (experiment 3) (Fig. 4) . Such adaptations may also underlie the ability of these neurons to resist the progressive decrease in NAcc DA responding imposed during amphetamine selfadministration by a progressively increasing workload. The effects of this progressively increasing workload could potentially be mediated by afferent inputs capable of regulating intracellular pathways like those described above (experiment 2) (Fig. 2C) .
Rats for which the work required to obtain infusions was kept constant continued to press for the drug, and significant increases in NAcc DA overflow were observed in response to amphetamine through to the last infusion of the session. The decrease in the ability of amphetamine to maintain these effects under the increasingly demanding conditions of the PR schedule cannot therefore be accounted for by transmitter fatigue brought on by repeated drug exposure. Rather, it appears related to the increasing amount of work required to obtain successive infusions. NAcc DA thus appears to encode the perceived value of the drug effect in relation to the work required to obtain it (Salamone et al., 1997) and to provide the motivational energy to continue responding (Stewart et al., 1984; Szechtman et al., 1994) . This information may consequently determine how much responding will be emitted and whether it will continue to be emitted, both in animals self-administering the drug and those responding to a priming injection (Stewart et al., 1984; Marinelli et al., 1998; Stewart, 2000) . By generating exaggerated responses to amphetamine, sensitized midbrain DA neurons thus may promote excessive drug seeking and taking whether in the drug-naive individual initiating the behavior when drug concentrations and cost are low (Piazza et al., 1989 (Piazza et al., , 1990 Horger et al., 1990 Horger et al., , 1992 Valadez and Schenk, 1994; Vezina, 1997, 1998; Vezina et al., 1999) or in the drug-experienced individual self-administering substantially more drug under conditions of escalating cost.
Determining how sensitization of midbrain DA neuron reactivity develops and how its expression can be modulated may help elucidate how such behaviors characteristic of drug craving and abuse develop. It may also help decipher the mechanisms underlying individual differences in vulnerability to substance abuse. Animals that show a greater locomotor response to a novel environment have been reported to be more predisposed to engage in drug self-administration behaviors (Piazza et al., 1989 (Piazza et al., , 1991 Piazza and Le Moal, 1996; Vezina, 1997, 1998; Marinelli and White, 2000) . Like psychomotor stimulant preexposed rats, these animals also show enhanced NAcc DA responding to novelty (Piazza et al., 1991) , tail-pinch stress (RougePont et al., 1998) , amphetamine (Bradberry et al., 1991) , and cocaine (Hooks et al., 1991) as well as greater locomotor responding to NAcc infusions of DA (Hooks et al., 1994) and VTA DA cells that exhibit elevated firing rates and bursting activity (Marinelli and White, 2000) .
